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Cyclic peptide unguisin A is an anion receptor with high affinity for 
phosphate and pyrophosphate  
A. Daryl Ariawan,a James E. A. Webb,a,b Ethan N. W. Howe,c,d Philip A. Gale,c,d Pall Thordarsona,b,* 
and Luke Huntera,* 
Unguisin A (1) is a marine-derived, GABA-containing cyclic heptapeptide. The biological function of this flexible macrocycle 
is obscure. Here we show that compound 1 lacks any detectable activity in antimicrobial growth inhibition assays, a result 
that runs contrary to a previous report. However, we find that 1 functions as a promiscuous host molecule in a variety of 
anion-binding interactions, with high affinity particularly for phosphate and pyrophosphate. We also show that a series of 
rigidified, backbone-fluorinated analogues of 1 displays altered affinity for chloride ions.
Introduction 
Unguisin A (1, Figure 1) is a cyclic heptapeptide derived from the 
marine fungus Emericella unguis.1,2 Notable structural features 
of 1 include the fact that it is mainly composed of D-amino acids, 
and also the fact that it contains a γ-aminobutyric acid (GABA) 
residue embedded within the macrocycle. It has been 
speculated that the GABA component of 1 may impart some 
degree of conformational flexibility that allows the macrocycle 
to adopt the shape necessary for its biological function. 
The structure of 1 was recently confirmed by total synthesis.4 A 
detailed NMR-based analysis of the synthetic sample confirmed 
that the GABA moiety of 1 does indeed exhibit conformational 
flexibility at room temperature.4 A molecular mechanics study3 
identified a suite of low-energy geometries of 1; a 
representative member of this suite is depicted in Figure 1. 
Although the geometry in Figure 1 features an extended zigzag 
GABA backbone, it should be emphasised that this is in dynamic 
equilibrium with several other geometries. The geometry 
depicted in Figure 1 also features one intramolecular hydrogen 
bond, which is in agreement with data from a variable-
temperature NMR experiment.3 
The natural isolate of 1 was reported to possess “modest” 
antibacterial activity against Staphylococcus aureus.1 However, 
this effect was not quantified in the original paper, and full 
biological data is lacking. Therefore, in this report we aim to 
further explore the function of 1. As part of this study, and given 
the   considerable   interest   in   the   ability  of  synthetic  cyclic  
 
 
Fig. 1   The chemical structure of unguisin A (1), and a low-energy 
conformation of 1 identified through simple geometrical modelling.3 
 
peptides to bind to anions,5,6 we explore here the ability of 1 as 
a supramolecular host for anions and whether fluorination of 
the backbone of 1 influences the ability to bind chloride anions. 
Results and discussion 
To quantify the antimicrobial activity of 1, a synthetic sample of 
this compound (>95% purity by HPLC and NMR) was screened 
against five bacterial species (Table 1, entries 1–5) and two 
fungal species (Table 1, entries 6–7) using growth inhibition 
assays. Unexpectedly, compound 1 exhibited no inhibitory 
activity at 32 µg/mL against any of the target species, including 
Staphylococcus aureus. It is possible, therefore, that an 
unidentified impurity in the natural sample of 1 was responsible 
for the “modest” antibacterial activity that was ascribed to 1.1 
In the light of these unexpected biological results (Table 1), we 
speculated that 1 might possess another type of function, 
namely ion binding activity. Cyclic peptides are well-suited to 
this, since they have a preorganised macrocyclic structure and 
multiple N–H or C=O groups that can feasibly be oriented into 
the middle of the structure for binding to anions or cations 
respectively.6  A  well-known  example  of  this  phenomenon  is  
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Table 1   Antimicrobial activity of unguisin A (1). 
 
Entry Species Inhibition of cell growth in 
the presence of 1 (32 µg/mL) 
1 Escherichia coli 0% 
2 Klebsiella pneumoniae 0% 
3 Acinetobacter baumannii 0% 
4 Pseudomonas aeruginosa 0% 
5 Staphylococcus aureus 0% 
6 Candida albicans 0% 
7 Cryptococcus neoformans 0% 
 
 
provided by the natural cyclic depsipeptide valinomycin, which 
can selectively transport potassium ions across biological 
membranes7 and which is also able to bind halogen anions, 
especially chloride.8 In such supramolecular interactions of 
cyclic peptides, the selectivity of binding depends on the size- 
and shape-complementarity between the host and guest. Thus, 
we speculated that the conformational flexibility imparted by 
the GABA residue of 1 might have interesting implications for 
the potency and selectivity of its putative host-guest 
interactions. 
To assess the anion binding capability of 1, a series of 1H NMR 
titration experiments were conducted. In a typical experiment, 
a sample of 1 was dissolved in the competitive solvent of 
acetone-d6/DMSO-d6 (9:1 v/v), and to this solution was added 
successive portions of an anion of interest, up to 50 molar 
equivalents relative to 1. The 1H NMR spectrum of the mixture 
was recorded after each successive addition of anion, and any 
changes in chemical shift of the protons of 1 were noted (Figure 
2). The Trp-ArH5 proton of 1 was selected as the best reporter 
nucleus for this analysis, since its signal was easily identified and 
well resolved in every instance. Additional chemical shift data 
corresponding to other nuclei of 1 are provided as Supporting 
Information. 
Gratifyingly, the presence of several of the anions resulted in 
significant changes to the chemical shift of the Trp-ArH5 proton 
of 1 (Figure 2), indicating that a host-guest interaction was 
occurring in those cases. The simple halogen series (i.e. Cl–, Br–, 
I–) was considered first. It is interesting to note that Br– and Cl– 
both seem to bind to 1, but I– does not; this was the first 
indication that the size- and shape-complementarity of 1 with 
the incoming anion might be affecting the binding capability. 
Oxo-anions were then considered (i.e. AcO–, HCO3–, H2PO4–, 
HP2O73–). All of these anions were found to interact with 1 to 
some extent (Figure 2). The notable promiscuity of 1 as a 
supramolecular host is perhaps unsurprising, considering the 
conformational flexibility of this cyclic peptide. 
Using the freely available online tool Bindfit,9,10 the chemical 
shift binding isotherms (Figure 2) were then fitted to three 
different binding models corresponding to host/guest ratios 
equal to 1:1, 1:2 or 2:1. The results from the binding models that 
gave a reasonable fit are summarised in Table 2 (details, 
including links to raw data in Supplementary Information). In 
the case of Cl– and Br– anions, the data could be fitted to both  
 
Fig. 2   Changes in chemical shift of the Trp-ArH5 proton of 1 (1.0 mM), 
upon titration of a series of anions. 1H NMR spectra were recorded at 
298 K in acetone-d6/DMSO-d6 (9:1 v/v). All anions were added as the 
tetrabutylammonium salt, except for HCO3– which was added as the 
tetraethylammonium salt. A control experiment was also performed 
with tetrabutylammonium hexafluorophosphate as the anion (see 
Supporting Information); this confirmed that the tetrabutylammonium 
cation does not bind to 1. 
 
 
Table 2: Binding models that give physically realistic results for Cl–, Br–, 
HCO3– and AcO–. The model for each anion that gives the best fit is 
indicated by bold text.a 
 
Anion 
Binding model 
(host : guest) 
K1 (M–1) K2 (M–1) 
covfit 
(10–3) b 
α c 
Cl– 
1:1 164 – 96.2 – 
1:2 1058 17 1.81 0.064 
Br– 
1:1 34 – 9.01 – 
1:2 415 14 0.84 0.13 
HCO3– 
1:1 184 – 136 – 
1:2 55 147 61.28 11 
AcO– 
1:1 32 – 9.31 – 
2:1 158 1172 1.38 29 
 
a Data for the anions H2PO4– and HP2O73– did not fit any of the models 
tested. b Calculated by dividing the (co)variance of the residual 
(experimental data – calculated data) with the covariance of the 
experimental data. c The interaction parameter α = 4K2/K1 with α > 1 
indicating positive cooperativity, α < 1 negative cooperativity, and α = 
1 no cooperativity. 
 
 
1:1 and 1:2 but the quality of fit as evident by the residual plot 
and  measured  by  covfit10  was  significantly  better  for  the 1:2 
binding model. The results for these two anions suggest 
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negative cooperativity (a < 1).10,11 For HCO3– the difference was 
much smaller, which on balance might suggest 1:1 binding 
mode for this anion. In contrast, the data for the AcO– anion 
fitted best to the 2:1 binding model. It was not possible to 
satisfactorily fit the data for the anions H2PO4– or HP2O73– using 
any of the three binding models, however the sigmoidal shape 
of the binding isotherm in Figure 2 is often considered a clear 
sign of positive cooperativity, for example in the binding of 
oxygen to haemoglobin.12 
It is interesting that 1 appears to be able to form both 1:2 and 
2:1 complexes (Table 2). To further explore these binding 
modes, the NMR titration data were re-analysed with a focus on 
the NH protons of 1 instead of the Trp-ArH5 proton. Upon 
titration of Cl– or Br–, three NH signals (i.e. Trp-ArNH, Trp-NH 
and Ala#2-NH) shifted markedly, while three other NH signals 
(i.e. Val#1-NH, Val#2-NH and Ala#1-NH) shifted to a lesser 
extent. These results are consistent with the binding geometry 
illustrated in Figure 3a; in this illustration the upper binding site 
would correspond to K1 and the lower binding site would 
correspond to K2. Upon titration of AcO–,13 all of the NH signals 
of 1 shifted markedly except for Trp-ArNH and GABA-NH. These 
results are consistent with a 2:1 sandwich-type interaction as 
illustrated in Figure 3b. 
As mentioned above, it was not possible to satisfactorily fit the 
NMR data for the anions H2PO4– or HP2O73– using any of the 
three binding models. Closer inspection of the data between 0–
1.2 equivalent of anion added (see Supporting Information) 
indicated that the proton resonances on the host 1 are in slow 
exchange on the NMR timescale. This, and the sigmodal shape 
of the binding isotherms (Figure 2) suggests strong binding 
interactions of both of these anions with 1 with considerable 
positive cooperativity (4K2 >> K1).15 In an attempt to gain further 
insight, the 1H NMR signals corresponding to the NH protons of 
1 were analysed. However, all of the NH signals started to 
broaden in the presence of only 0.08 equivalents of anion, and 
they disappeared into the baseline in the presence of only 0.2 
equivalents of anion (see Supporting Information). The 
broadening phenomena may be attributable to proton transfers 
between the NH groups and H2PO4– or HP2O73–. Further 
complications in these experiments could arise from proton 
transfers between bound and unbound H2PO4– or HP2O73–.16 
This   might   also   explain   the   sigmodal   binding    isotherms 
 
Fig. 3   Illustrations of 1 binding to guest anions in two different 
modes: (a) a 1:Cl–2 complex; (b) a 12:OAc– complex.14 
observed, i.e. that rather than being purely the result of positive 
cooperativity, proton transfer reaction(s) also contribute to the 
observed shape of these binding isotherms. 
The apparently strong binding of 1 to both H2PO4– and HP2O73–
prompted us to perform a qualitative competition experiment, 
to observe whether one of these anions had a higher affinity for 
1 than the other (Figure 4). Thus, the host (1) was added 
gradually to a 1:1 mixture of the guests H2PO4– and HP2O73– in 
acetone-d6/DMSO-d6 (9:1 v/v), and the mixture was monitored 
by 31P NMR.17 During the early part of the titration experiment 
(≤0.5 equivalents of 1), the signal corresponding to H2PO4–
gradually shifted upfield, while that of HP2O73– remained 
relatively constant (Figure 4). This indicates preferential binding 
of 1 to H2PO4– when the concentration of 1 is low. In contrast, 
during the latter part of the titration experiment (1.0–2.5 
equivalents of 1), the signal corresponding to HP2O73– shifted 
markedly, while that of H2PO4– returned to its original value 
(Figure 4). This indicates preferential binding of 1 to HP2O73– 
when the concentration of 1 is high.  
While 1 clearly has a strong affinity for H2PO4– and HP2O73–, the 
fact that 1 also has a moderate affinity for Cl– is potentially 
interesting from a medicinal perspective. Cystic fibrosis is a 
disease that is associated with faulty Cl– channels, and hence an 
exogenous Cl– transporter could be of benefit for the treatment 
of this disease.18 It was intriguing to consider whether the 
affinity and/or selectivity of 1 for Cl– could be enhanced by 
imposing a geometrical constraint on this flexible host 
molecule. 
We have previously developed a series of fluorinated analogues 
of  this  molecule  (i.e. 2–5, Table 3);3 these analogues are more 
  
 
Fig. 4   31P NMR stackplot showing the titration of 1 into a 1:1 mixture 
of H2PO4– and HP2O73–.17 
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analogues 2–5. Table 3   Chloride-binding properties of unguisin A (1) and fluorinated  
  
 
 
 
 
 
rigid than the lead compound (1), and they adopt subtly 
different conformations from one another, dictated by the 
fluorine gauche effect.19 We quantified the anion binding of all 
these   fluorinated   analogues   towards   Cl–   using   the   same  
 
 
procedure as above (Table 3). All fluorinated analogues (2–5) 
bound to Cl– in the 1:2 mode, which is the same as the lead 
compound (1). Subtle differences were observed between the 
fluorinated analogues (Table 3), suggesting that shape control 
Chemical structure of host molecule 
Representative low-energy geometry 
of host (in absence of guest) 3 
Stepwise 1:2 binding affinities for Cl– 
K1 
(M–1) 
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K2 
(M–1) 
DDG2 
(% of 1)b α 
 
 
1058 0% 17 0% 0.06 
  
157 44% 2.9 51% 0.07 
 
 
277 27% 10.1 15% 0.15 
  
489 14% 2.76 52% 0.023 
  
247 30% 6.08 29% 0.098 
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was playing a role. However, all four fluorinated analogues (2–
5) exhibited weaker Cl– binding than was observed for 1. In 
terms of energy (DG1 and DG2), the fluorine substituents appear 
to reduce the binding by 15–50% (Table 3), and, with the 
exception of 4, by roughly the same amount for the first and 
second binding event. These results are interesting in the light 
of the modern biophysical view on allosteric interactions in 
proteins20 which recognises that proteins are an ensemble of 
dynamically interchangeable conformers and hence, binding 
events sometimes simply shift the population dynamics rather 
than causing discrete structural perturbation of the host. Based 
on this and the conformational flexibility in unguisin A (1), the 
observed reduction in binding affinity for the chloride anions in 
2–5 is probably due to rigidifying influences by the fluorine 
substituents that shift the population dynamics in these hosts 
away from conformers that are good receptors for Cl–  binding. 
In the light of these results (Table 3), we selected the strongest 
Cl– binder of the series (i.e. the lead compound, 1) and 
investigated its ability to transport Cl– across a biological 
membrane using a liposome-based assay.21 However, it 
emerged that 1 does not mediate any detectable Cl– transport 
(Figure 5). This indicates that compound 1 is unlikely to serve as 
a useful lead compound for the development of a drug to treat 
cystic fibrosis. 
Conclusions 
The function of the natural GABA-containing cyclic peptide, 
unguisin A (1), has been explored. No evidence of antimicrobial 
activity was found, contrary to the original report.1 However, a 
new function was discovered: compound 1 binds to a variety of 
anions including halides and oxoanions, with strongest affinity 
for phosphate and pyrophosphate. The promiscuity of the 
supramolecular interactions of 1 may be attributed to this host 
molecule’s  conformational  flexibility. It is noteworthy that the  
Figure 5: Investigation of the membrane-transport activity of unguisin 
A (1), compared to the known transporter, squaramide,22 using a POPC 
lipsome-based assay encapsulated with HPTS ratiometric probe. DMSO 
was used as a control. Concentration shown as carrier:lipid molar 
percent. Each data point represents the average of triplicate 
measurements with error bars indicating the SD. 
introduction of rigidifying fluorines to the backbone of 1 has a 
detrimental effect on the affinity of these molecules towards 
chloride anions. This is in accordance with the biophysical view 
of protein-ligand interactions whereby shifts in the relative 
population of different protein conformers cause changes in 
binding affinities, e.g. in the case of allosteric binding.20 The 
observation that the most flexible host in this study, 1, has the 
highest affinity for chloride anions is also in agreement with 
other studies on multivalent systems where guests with flexible 
spacers appear to have a clear advantage.23 Our results 
demonstrate that fluorination of flexible spacers could be useful 
in studying the role of flexibility in supramolecular interactions, 
as hydrogen-to-fluorine substitution in the middle of a flexible 
spacer can rigidify it considerably without causing dramatic 
steric effects.  
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